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Glossary of Terms

Luminous Flux (Lumens, Im): Total
power emitted from a light source,
scaled for human visible wave-
lengths. Used to evaluate useful light
output.

llluminance (Lux, Im/m2): A
measure of the amount of light inci-
dent on a surface. Used to describe
intensity within a beam of light at a
subject.

Correlated Color Temperature
(CCT, kelvin): A measure used to
evaluate the hue of white light
sources from “warm” red-hot hues
to “cool” blue-hot hues that follow
black body emission spectra.

Color Rendering Index, CRI: Fig-
ure of merit used to describe how
accurately a light source will repre-
sent the visible color space.

Total lllumination: Describes the
combined total direct and indirect il-
lumination on a subject. Helpful for
evaluating the effectiveness of light-

ing.

Attenuation length (m): Distance
light will travel before the intensity
drops to 37% of the source intensity.
Used to describe penetration of light
underwater, and is a function of
wavelength with blue-green light
having longer attenuation lengths
than red or yellow light.

To understand these be-
haviors, it is useful to
frame the discussion in
terms of total illumination
of a subject at a distance
from a light source. Total
illumination is the sum of
the direct and diffuse illu-
mination that reaches the
subject. Direct illumina-
tion is light arriving in di-
rect line-of-sight from the
source; whereas, diffuse
illumination is light travel-
ing in an indirect path
through multiple scatter-
ing processes to arrive at
the subject. Characteristics
of direct and diffuse illu-
mination are governed by
physical and practical lim-
its related to a wide range
of parameters from tem-
perature, salinity, and con-
centrations of dissolved
solids to the atomic struc-
ture of water molecules
themselves. These param-
eters contribute to attenu-
ation of the light by
absorption and scattering
phenomena, which exhibit
a strong relationship to the
wavelength of light (or the
spectral power density)
and the beam angle of the
light source.

Direct illumination
losses are  primarily
caused by the absorption
of light in the water vol-
ume between the source
and subject. Absorption of
light in pure water is gen-

erally dominated by the interaction of photons with water mole-
cules. As a photon contacts a water molecule, it is absorbed and
converted to heat energy. This interaction has a strong dependence
on wavelength, with light in the red and violet ends of the spectrum
being strongly attenuated while blue-green region of the visible
spectrum has minimal attenuation. This is what gives seawater its
strong blue-green appearance. Other substances in the water—
such as suspended solids, biological matter, and dissolved organic
matter—may further attenuate light and tend to do so more in the
blue wavelengths. In coastal and estuarial waters where the con-
centration of organic matter and other dissolved material is gen-
erally higher, the level of absorption can increase and additional
absorption in the blue spectra will cause a general shift towards
green. This explains why coastal waters are typically greener in
appearance than in the open ocean (See Figure 1)

Figure 1. Volume absorption coefficient and attenuation length in pure
water (Pope and Fry, 1997) and seawater (Smith and Baker, 1981).

Scattering describes a wide range of phenomena that generally
break down into small variances within the light path, refracting
or reflecting part of the light away from the original direction of
travel. These variations are caused by temperature transitions,
suspended particles, dissolved solids, and biological “snow.” Al-
though there is a relationship between wavelength and some scat-
tering phenomena, the strongest contributors are generally not
heavily dependent on the color of the light. The particular com-
ponents contributing to scattering may vary significantly from
sample to sample, but the general pattern of scattering in natural
seawater is consistent. Some of the scattered light will return to
the main beam, reach the subject, and contribute to the total illu-
mination. In fact, at distances greater than one to two attenuation
lengths from the source, the scattered or diffuse component of
total illumination will become significant and begin to overtake
and exceed the direct illumination component.

The color content of an underwater white light source will de-
saturate due to absorption and scattering and approach the color
of a monochromatic source (Figure 3). Attenuation limits not only
the total illumination of a target, it also constrains the useful range
over which color information is transmitted under water. This is
due to the non-uniform spectral attenuation through the water
(See Figure 2).

Figure 2. Spectral attenuation of various light sources at different dis-
tances through seawater
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While it may help increase illumination at the subject, scattering
also reduces the contrast between the subject and the background. In
part, this is due to backscatter along the illumination path washing
out the subject as well as scattering of the reflected light from the sub-
ject itself blurring the image. Increasing total illumination of the sub-
ject will not improve contrast in this case because the scattering scales
with intensity and no net increase in con-
trast will result. This imposes practical lim-
its on the distance at which an object can
be detected in contrast-limited imaging ap-
plications like human vision or film. For-
tunately, for electro-optical imaging
applications, the signal-to-noise ratio at
the detector determines detectability of
a subject more than the contrast. The
signal-to-noise ratio will increase with
the square root of the total illumination
of the subject. For instance, if there is
a 10X increase in the subject illumina-
tion, there will be about a 3.1x increase
in the detectability of a subject against
an ocean background.

Why Does All of This Matter?

Different tasks underwater impose
unique constraints and requirements on the
system. The balance between lighting
properties and practical limits must be
based on the intended application. Under-
standing how to evaluate a light for the
mission requirements and how lighting pa-
rameters change underwater is critical for
system designers.

For instance, when designing illumi-
nation for remotely operated vehicle
(ROV) piloting, the main objective is to
provide the pilot with sufficient visual in-
formation about his surroundings to be
able to safely maneuver to the work site,
avoid hazards, and be alerted to nearby
obstacles. This necessitates high contrast
and high signal-to-noise ratio in the im-
aging system as well as broad, diffuse
light sources that can be optimized for the
local scattering conditions. The parame-
ters with the most importance in this ap-
plication would be total luminous flux,
spectral content, and dimming range.
Using higher CCT lighting (>5000K)
helps ensure that less of the power emit-
ted by a white source will be attenuated.
Selecting a light with a high luminous
flux will ensure that sufficient light is
available to boost detectability for low
contrast subjects or distant objects. Depending on the operating en-
vironment, dimming may also be critical in this application. Since
conditions at a site can vary drastically, the ability to dim down the
light source allows the pilot to compensate for high backscatter.

In a High Definition (HD) imaging application for inspection
tasks, biological surveys, or archeological expeditions, the lighting

firom left to right.

Figure 3 - Color shift underwater with a 90-CRI
LED light source at 0.75m, 1.25m, and 2.25m

requirements impose a very different set of constraints. For these ap-

plications, color accuracy, uniform illumination, and high angular

contrast are key. HD imaging particularly benefits from a full, rich

color space, which helps differentiate species in biological surveys

or distinguish between natural surface variations and corrosion on

a subsea structure. Color accuracy is most closely described by CRI
parameters, but attenuation causes the
spectral content of the light source, even
a high CRI source, to change drastically
over the distance to and back from the
subject. This sets practical limits on im-
aging distances and the minimum illumi-
nation where color accuracy is needed. In
some cases, supplemental monochro-
matic sources are required to boost spec-
tral content in the highly attenuated
portions of the visual spectrum. For a
given imager size, sensors used in HD
imaging have lower sensitivities than
their standard definition counterparts and
generally require more light. The higher
resolution of HD imagers is also more
sensitive to scattering from the reflected
light off a subject since more subtle an-
gular separation of light is detectable in
the captured data. The scattering behav-
ior of light underwater is proportional to
the beam angle of the source. Having
more tightly collimated light sources
helps reduce scatter at longer distances
and takes full advantage of the detector
resolution.

Why Choose LEDs for Under-
water Lighting?

Solid state lighting technologies are sup-
planting incandescent, fluorescent, HMI,
and HID lighting in many applications—
and for good reason. LEDs prove to be
highly efficient and extremely flexible so-
lutions. They are well suited to nearly
every lighting application, including sub-
sea imaging. Using LEDs, system design-
ers can optimize a variety of the lighting
characteristics discussed here for a partic-
ular set of requirements. CCT, lumens, lux,
CR], color, and beam patterns are all tun-
able characteristics within the standard se-
lection of LED devices and provide the
system designer with an unprecedented
level of flexibility within a single lighting
technology.

LEDs are also intimately tied to the
semiconductor industry and benefit
from the same economies of scale, product improvement cycles,
and R&D investments that drive forward other consumer elec-
tronics markets. Other technology trends from the semiconductor
industry and the consumer lighting markets continue to push in-
novative solutions for drivers and control systems, allowing for
lighting solutions that were never before possible.
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